Better understanding of failure mechanism of rocks benefits in many fields from rock engineering to earth sciences. Especially, it is essential to understand how fractures initiate and propagate under various loading conditions in order to clarify real rock fracture processes. For the interpretation of rock failure, many attempts have been made experimentally or using fracture mechanics theory. Although much of the knowledge available today is based on experimental observations and the theory successfully represented the propagation of predefined cracks, the failure mechanics are not fully understood by experimental results and it is difficult to describe the initiation and coalescence of cracks using the theory. Thus, in the recent years, numerical modeling, which may be less restrictive, has been applied to study crack behaviors, and we also approach to the rock failure based on numerical simulations. To represent rock failure, we use a Hamiltonian Particle method (HPM), one of particle methods. In the HPM, we do not need to use grids or meshes to discretize the rock model, and thus we could deal with the failure relatively easily. In spite of this advantage of the HPM, the applicability of the method to the failure phenomena have yet to be revealed fully. In the present study, we apply the HPM to rock failure under some different specimens and different loading conditions. As a result of our simulations, the HPM successfully reproduce failure pattern of brittle fracture observed rock fracture experiments and can observe micro cracks initiation and propagation. This suggests that the HPM is the useful tool to analyze rock failure.
INTRODUCTION
It is important to understand failure mechanism of rocks in many scientific and engineering fields. To analyze the behavior of rocks, many attempts have been made using fracture mechanics theorem. It is, however, difficult to describe the initiation and coalescence of cracks in rock mass using the theory. In recent years, some numerical approaches based on damage mechanics have been applied to represent the fracture behavior 1), 2) . In the previous studies, the conventional numerical methods, like finite difference methods (FDM) and finite element methods (FEM), have often been used as simulators. On the other hand, particle methods are also used to represent the failure behavior of rocks 3) . Since particle methods have some advantages over the conventional methods, it is important to verify the applicability of particle methods to the failure analyses of rock masses. Recently, a Hamiltonian particle method (HPM) was developed for elasto-dynamic problems by Suzuki and Koshizuka 4) . HPM was applied to seismic wave propagation simulations and indicated the effectiveness for representing the topology and refining the accuracy 5) . In spite of this advantage of the HPM, the applicability of the method to the failure phenomena have yet to be revealed fully.
In the present study, we apply the HPM to rock failure under some different specimens and different loading conditions in order to verify the applicability to the failure behavior of rock masses.
METHOD
In the HPM, a continuum is represented as a set of particles and a motion of the continuum is approximated as a movement of the particles. Each particle has the weight function calculated by Eq.
(1) and the deformation gradient tensor, F i , is calculated using the weighted least squares, minimizing the error function e i , in Eq. (2) on each particle: 
where ୧ ୨ and ୧ ୨ are initial and current relative position vector between particle i and j, respectively, and r e is the influence radius. Each particle only affected by the particles within the influence radius. The constitutive equation of elastic body is defined as
where ઽ ୧ is the Green-Lagrange strain tensor, ો ୧ is the first Piora-Kirchhoff stress tensor, and λ and μ are the Lame constants. The elastic potential energy, V, and the kinetic energy, K, are expressed as
where ΔA ୧ , m ୧ and ‫ܞ‬ ୧ are the volume, mass and velocity vector of each particle, respectively. 
where ρ is the bulk density. In general, rock is a heterogeneous material and this heterogeneity causes failure of rock. Therefore, we consider the Weibull distribution as the basis for heterogeneity. The distribution function of the Weibull distribution is given by:
where m is the shape parameter describing the scatter of t, η is the scale parameter and γ is the location parameter, which is the minimum value of t. The uniaxial compressive strength and the ratio of uniaxial tensile strength to uniaxial compressive strength of each particle distribute following this function. In this study, the shape parameter is 3 and the location parameter is 0. For the uniaxial compressive and the ratio of uniaxial tensile strength to uniaxial compressive strength, the scale parameter are 200 MPa and -0.1, respectively.
A lot of shear failure criteria have been proposed for rock. Among these criteria, the Mohr-Coulomb criterion is widely used because of its simplicity. Therefore, we adopt this criterion for the shear failure. The Mohr-Coulomb criterion is expressed by:
where σ ଵ and σ ଷ are the maximun and minimum stress, σ ୡ is the uniaxial compressive strength, k = (1 + sinϕ) (1 − sinϕ) / , and ϕ is the friction angle. We calculate this function on each particle. Tensile failure occurs when the tensile stress acting on the rock reaches a critical value, which is the tensile strength. This criterion simply expressed as:
where σ ୲ is the uniaxial tensile strength of each particle and compression is positive in this study. After failure, each particle deforms in plastic condition and the stress of each particle is dropped according to magnitude of the minimum principal stress of each particle.
NUMERICAL RESULTS
We conduct Brazilian disk tests using the HPM. The parameters used in this study are shown in Table 1 . Figure 1 shows the load-strain curve and the number of failure particles in the Brazilian disk test. In the first stage of loading, the axial load increases linearly. Around 0.1 millistrain, the number of failure particles increases gradually. The specimen has a non-linear behavior just before the macroscopic failure of the specimen. At the macroscopic failure, the number of failure particles increases and the axial loading decreases dramatically. Figure 2 shows the failure propagation in the Brazilian disk. In Figure 2(a) , the tensile failures distribute in the center of the specimen. This indicates that the stress field in the specimen can be reproduced by the HPM accurately 6) . In Figure 2 (b), the macroscopic failure forms in the center and the lower edge of the specimen. Finally, the macroscopic failure propagates upward and the specimen is separated by the macroscopic failure plane. These microscopic and macroscopic processes reproduced by our numerical simulation are similar to the results from the laboratory experiments.
CONCLUSIONS
We conducted the numerical Brazilian disk test using the HPM in order to verify the applicability of the HPM to the failure analyses of rock masses. Our numerical results, load-strain curve and microscopic and macroscopic failure behavior, showed good agreement with those from the laboratory experiments. We conclude that the HPM, which is one of the particle methods, can reproduce the failure behavior of rock masses. 
